Two energy scales in the spin excitations of the high-T c superconductor La 2 _a;Sr z Cu04 
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The excitations responsible for producing high- 
temperature superconductivity in the cuprates 
have not been identified. Two promising candi- 
dates are collective spin excitations and phonons 
[l|]. A recent argument against spin excitations 
has been their inability to explain structures seen 
in electronic spectroscopies such as photoemis- 
sion 

B 0, H, H and tunnelling jejj]. Here we 
use inelastic neutron scattering to demonstrate 
that collective spin excitations in optimally doped 
La2- a; Sr a ;Cu04 are more structured than previ- 
ously thought. The excitations have a two compo- 
nent structure with a low-frequency component 
strongest around 18 meV and a broader compo- 
nent strongest near 40-70 meV. The second com- 
ponent carries most of the spectral weight and its 
energy matches structure seen inphotoemission 
and tunnelling spectra [H, 0, Q, [H, [a] in the range 
50-90 meV. Our results demonstrate that collec- 
tive spin excitations can explain features of quasi- 
particle spectroscopies and are therefore likely to 
be the strongest coupled excitations. 

Since their discovery, considerable progress has been 
made in understanding the properties of the high-Tc 
cuprate superconductors. For example, we know that 
the superconductivity involves Cooper pairs, as in the 
conventional BCS theory, but the d-wave pairing is dif- 
ferent to the s-wave pairing of conventional supercon- 
ductors. However, a major outstanding issue is the 
pairing mechanism. Identifying, the bosonic excitations 
which were strongly coupled to the electron quasiparticles 
played an pivotal role in confirming the pairing mecha- 
nism in conventional superconductors 0, @| • In the case 
of the copper oxide superconductors, advances in elec- 
tronic spectroscopies such as angle resolved photoemis- 
sion (ARPES) and tunnelling have revealed structure in 
the low-energy electronic excitations which may reflect 
coupling to bosonic excitations. ARPES measurements 
on Bi2Sr2CaCu2C>8, Bi2Sr2CuOg and L^-zSr^CuG^ 
have shown that there are rapid changes or "kinks" in 
the quasiparticle dispersion E(k) in the nodal direction 
k II (1/2,1/2)] for energies in the range 50-80 meV 
1- S 0, HI- The origin of these kinks has been dis- 
cussed in terms of coupling to collective spin excitations 
and phonons. Optical conductivity measurements also 



suggest that there are strongly coupled electronic excita- 
tions in this energy range |9j. Unfortunately, the high- 
energy magnetic excitations in the cuprates have been 
most comprehensively studied in YBa2Cu306+a;, a com- 
pound for which ARPES data are scarce. In contrast, 
La2_ 3; Sr 3 ;Cu04 is a system for which the magnetic ex- 
citations may be studied by neutron scattering (because 
of the availability of large single crystals) and ARPES 
(because a suitable surface may be prepared). 

Here we report a high-resolution neutron scattering 
study of the magnetic excitations in optimally doped 
La 2 _ a; Sr a; Cu04 (x=0.16, T c =38.5 K). The parent com- 
pound La2Cu04 of the L^-xSr^Cu^ superconducting 
series exhibits antiferromagnetic order with an order- 
ing wavevector of Q 2 d=(1/2,1/2). Doping induces su- 
perconductivity and causes low-frequency incommensu- 
rate fluctuations EH to develop with wavevectors 
Q 2D = (1/2, 1/2 ± 5) and (1/2 ±6, 1/2). These excita- 



tions broaden [12[ and disperse inwards initially towards 
(1/2,1/2) with increasing energy. The present work 
extends the energy ran ge a nd wavevector resolution of 
previous studies [IS [nUH m • 

Neutron spectroscopy provides a direct probe of the 
magnetic response function x"(Q,a->). Experiments were 
performed on the MAPS spectrometer at the ISIS spalla- 
tion neutron source of the Rutherford- Appleton Labora- 
tory. Figure [T^-h shows wavevector-dependent images of 
the magnetic response at various energies demonstrating 
how it evolves with energy. At low energies, E = 10 meV 
(panel [T^l) we observe the low-energy incommensurate 
excitations [ill [l2l Il3j |. As the energy is increased, 
E = 18 meV (panel Hp) the response becomes stronger, 
the pattern fills in along the line connecting the nearest 
neighbour incommensurate peaks and the incommensu- 
rability S decreases. For E — 25 meV (panel [TJ;), the 
intensity of the pattern is noticeably attenuated. On 
further increasing to E = 41 meV (panel [TJi), the re- 
sponse "recovers" , becoming more intense again, but is 
now peaked at the commensurate wavevector (1/2,1/2). 
At higher energy E = 90 meV (panel QJ), the struc- 
ture resembles a square box with the corners pointing 
along the (110) type directions, i.e. towards the Bril- 
louin zone center. Thus the square pattern is rotated 
45° with respect to the low energy response (e.g. panel 
[Tp). A similar high-energy response has been observed 
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FIG. 1: Images of the magnetic excitations in Lai.84Sro.i6Cu04 for various energies at T=12 K. a-h The measured 
x"(Q,w) is plotted in units of eV _1 f.u. -1 as a function of wavevector. a-c show the emergence and disappearance of the 
component at (1/2 ± 8, 1/2) and (1/2, 1/2 ± S) which is most intense at lower energies, d-h show the higher energy component 
which emerges around 41 meV and disperses outwards with increasing energy, i-p Model fits to the images of the magnetic 
excitations shown in a-h. The phenomenological model [Eq. (1)] provides a good description of the experimentally measured 
magnetic excitations and can therefore be used to parameterize the data. At higher energies (panels n-p) the data are best 
fitted with the model x"(Q, w ) rotated 45° in the h — k plane. Wavevectors are labelled by their positions in reciprocal space 
Q = ha* + kh* + Ic* . 



in underdoped YE^CuaOe+z la, EH and the stripe or- 
dered composition Lai.875Bao.i25Cu04 [17] . Thus a ro- 
tated continuum appears to be a universal feature of the 
cuprates. 

In order to make our analysis quantitative, we fitted 
a modified Lorentzian cross-section previously used to 



described the cuprates and other systems [18| to the data 
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where k(lo) is an inverse correlation length, the position 
of the four peaks is specified by 6, and A controls the 
shape of the pattern (A —4 corresponds to four distinct 
peaks and A=0 corresponds to a pattern with circular 
symmetry) . 

Fig. [H-p shows plots of the fitted model response for 
the same energies as Fig. QJ,-h. Another way of display- 
ing the results is to take constant energy cuts through 
our data set. Fig. [2] shows cuts along the dashed trajec- 
tory in Fig.[T]for various energies together with fits of our 
model response (Eq. [T]) convolved with the experimental 
resolution. The good agreement between the data and 
fits allows us to use the parameters derived from the fits 
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FIG. 2: Magnetic excitations in Lai ^Sro.ieCuCU at 
T=12 K. a-f show the variation of the scattered intensity 
with wavevector for various fixed excitation energy. The tra- 
jectory of the cut is shown by the dashed line in Fig. [1J,. 
a-b show the incommensurate low-frequency component of 
the response. The high-frequency component is strongest for 
40-50 meV (c-f). Two distinct peaks are seen at higher en- 
ergies (e-f), these disperse away from (1/2,1/2) in a similar 
manner to the spin-wave excitations in the parent compound 
La2CuQ4. 



(Fig. [3J to interpret our results. In order to distinguish 
between magnetic and phonon scattering the experiment 
was performed at a number of incident energies. This 
means that the same in-plane momentum (/i, k) could be 
probed with a variety of I (momentum perpendicular to 
plane) values and strong phonons isolated. The fact that 
data collected with different incident energies yields sim- 
ilar results confirms the validity of our analysis. We have 
expressed the strength of the spin fluctuations in terms of 
the local or wavevector-averaged susceptibility ~x"(tS) = 
J x"(Qi w )^ 3 Q/ J d 3 Q determined from the fitted cross- 
section. The local susceptibility ~x"{oj) is a measure of 
the density of magnetic excitations for a given energy. 

Figure [3^ illustrates one of the key results of this 
work: the magnetic response of Lai.84Sro.i6Cu04 has a 
two component structure. The lower-energy peak corre- 
sponds to the incommensurate structure which is rapidly 
attenuated above 20 meV. The higher-energy structure 
is peaked at (1/2,1/2) for E » 40-50 meV and broad- 
ens out with increasing energy above this. Although the 
wavevector-averaged susceptibility x"(w) of the higher 
frequency component is peaked around 50 meV, it has 
a long tail with a measurable response at highest ener- 
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FIG. 3: Magnetic excitation spectrum and evolution 
of the form of the magnetic response with energy. 

The susceptibility wavevector-averaged susceptibility x"^) 
(a) shows a "peak-dip-hump" structure suggesting that the 
magnetic response has two components. The emergence of the 
higher frequency component above about 40 meV corresponds 
to a broadening of response in wavevector as demonstrated by 
the rapid increase in the n (b). There is a strong dispersion 
of the peak positions in constant excitation-energy cuts as 
shown by the energy dependence of the incommensurability 
8(ui) (c). The high-energy dispersion indicates the persistence 
of residual antiferromagnetic interactions. Symbols indicate 
different incident energies: E; = 30(0), 55(D), 90(B), 160(«), 
240 meV (o). 



gies probed (£"=155 meV) in this experiment. The ob- 
served two component structure differs from the response 
observed in the magnetically ordered but weakly su- 
perconducting compound Lai.875Bao.i2sCu04 [1 71 ] which 
does not show the lower peak in x"( w )- Although 
Lai.875Bao.i25Cu04 does a similar dispersion in \S\. 

Given the markedly different characteristics of the two 
components which make up the magnetic response in 
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Lai.84Sr .i6CuO4, it is likely that they have different ori- 
gins. One possible scenario is that the lower-energy in- 
commensurate structure is due to quasiparticle (electron- 
hole) pair creation which mi ght be calculated from an un- 
derlying band structure 19|, 2(J, while the higher-energy 
structure is due to the residual antiferromagnetic interac- 
tions. It is interesting to compare the magnetic response 
at optimal doping with that of the antiferromagnetic par- 
ent compound La2Cu04 [2l|. In La2Cu04, x"{<-°) lSi ap- 



proximately constant over the energy range probed here 
(0-160 meV) with x"M «l-7 fJ.% eV" 1 f.u." 1 . Thus 
the effect of doping is to suppress the high-energy re- 
sponse (hio >50 meV) and enhance the response at lower 
frequencies, creating a double peak structure. Fig. [3fc 
shows that the high energy part of the response disperses 
with increasing energy. Constant energy cuts through 
the data yield two peaks (see Fig. [2]) which are reminis- 
cent of spin wave in the parent compound La2Cu04. We 
may use the high-energy dispersion to estimate an effec- 
tive Heisenberg exchange constant J which quantifies the 
strength of the coupling between the copper spins. Us- 
ing the fitted values of \S\ in Fig. [3J; for E > 40 meV, we 
estimate the gradient to be dE/dS = 510 ± 50 meVA -1 . 
This may then be compared with the standard expres- 
sion for the spin wave velocity in a square lattice antifer- 
romagnet, hv s = Z c \/8SJa, where Z c , S, and a are the 
quantum renormalization, spin, and lattice parameter re- 
spectively. We find that the effective exchange constant 
for Lai.84Sr .i6CuO4 is J = 81 ± 9 meV. This is sub- 
stantially reduced from the parent compound La2Cu04 
where J = 146 ± 4 meV EHI. 



It is interesting to compare our measurements with 
electronic spectroscopy performed on cuprate super- 
conductors with the same energy scale. The en- 
ergy of the 50 meV peak matches the energy range 
(40-70 meV) where angle resolved photoemission spec- 
troscopy (ARPES) measurements [5J in the same com- 
pound La2- x Sra;Cu04 show rapid changes or kinks in 
the quasiparticle dispersion E(k). These kinks may well 
be caused by coupling to the spin excitations reported 
here. At higher energies, ARPES measurements sug- 
gest that the quasiparticles are coupled to bosonic ex- 
citations with energies up to at least 300 meV 22]. This 
would match the tail is the collective spin excitations 
which we observe here (Fig. [3^) . Other electronic spec- 
troscopy data is not available La2_ :E Sr. I .Cu04. However, 
we may compare with other systems. Infrared conduc- 
tivity measurements provide evidence of coupling to high 
energy excitations in, for example, YP^CusOe+a; [23j 
and Bi2Sr2Cao.92Yo.o8Cu208+(5 |24j. In addition tun- 
nelling measurements on Bi 2 Sr 2 CaCu208+5 [25[ show ev- 
idence of coupling to a sharp mode near 40 meV and 
broader excitations extending above 100 meV. 

In summary, we use neutron scattering measurements 
to show that the collective magnetic excitations in op- 
timally doped La2- a: Sr : j : Cu04 are made up of two com- 



ponents. At low energies, the excitations are incommen- 
surate and disperse with increasing energy towards the 
commensurate antiferromagnetic ordering wavevector of 
La2Cu04, peaking in intensity around 20 meV. At higher 
energies a second component develops which displays a 
broad, commensurate peak around 50 meV. It then dis- 
plays a spin-wave-like dispersion at higher energies. The 
high-frequency excitations are most naturally interpreted 
as being due to residual antiferromagnetic interactions. 
Comparison of the present data with electron photoe- 
mission and tunnelling data suggests that it is this high- 
frequency component which affects the electron quasipar- 
ticles most strongly. As the excitations that couple most 
effectively to the quasiparticles are most likely to play an 
important part in the superconducting pairing, our re- 
sults support the notion that high-T c superconductivity 
is magnetically mediated. 
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